Abstract Epidemiological, clinical and laboratory studies have implicated solar ultraviolet (UV) radiation in various skin diseases including, premature aging of the skin and melanoma and non-melanoma skin cancers. Chronic UV radiation exposure-induced skin diseases or skin disorders are caused by the excessive induction of inflammation, oxidative stress and DNA damage, etc. The use of chemopreventive agents, such as plant polyphenols, to inhibit these events in UV-exposed skin is gaining attention. Chemoprevention refers to the use of agents that can inhibit, reverse or retard the process of these harmful events in the UV-exposed skin. A wide variety of polyphenols or phytochemicals, most of which are dietary supplements, have been reported to possess substantial skin photoprotective effects. This review article summarizes the photoprotective effects of some selected polyphenols, such as green tea polyphenols, grape seed proanthocyanidins, resveratrol, silymarin and genistein, on UV-induced skin inflammation, oxidative stress and DNA damage, etc., with a focus on mechanisms underlying the photoprotective effects of these polyphenols. The laboratory studies conducted in animal models suggest that these polyphenols have the ability to protect the skin from the adverse effects of UV radiation, including the risk of skin cancers. It is suggested that polyphenols may favorably supplement sunscreens protection, and may be useful for skin diseases associated with solar UV radiation-induced inflammation, oxidative stress and DNA damage.
Introduction
Polyphenols are a large family of naturally occurring plant products that are widely distributed in plant foods, including fruits, vegetables, nuts, seeds, flowers and bark. Important dietary sources of polyphenols are onions (flavonols); cacao, grape seeds (proanthocyanidins); tea, apples and red wine (flavonols and catechins); citrus fruits (flavanones); berries and cherries (anthocyanidins); and soy (isoflavones) [56] . These polyphenols contribute to the beneficial health effects of vegetables and fruits. A brief description of the important classes of polyphenols and their sources is provided in Table 1 . As we are concentrating on the role of polyphenols in skin photoprotection, we will briefly discuss the effects of solar ultraviolet (UV) radiation on the skin, and the role of plant polyphenols in skin photoprotection.
Solar ultraviolet radiation and the skin
The skin is the largest organ of the body and comprises a surface area of approximately 1.5-2.0 m 2 which protects the internal organs of the body by acting as an effective barrier against the detrimental effects of environmental and xenobiotic agents. Exposure to solar UV radiation is the key factor in the initiation of several skin disorders, such as wrinkling, scaling, dryness, mottled pigment abnormalities including, hypopigmentation and hyperpigmentation, and skin cancer [13, 28, 71] .
Although many environmental and genetic factors contribute to the development of various skin diseases, the most important factor is chronic exposure of the skin to solar UV radiation. The solar UV spectrum can be divided into three segments based on the wave lengths of the radiation: short wave (UVC; 200-290 nm), mid wave (UVB; 290-320 nm) and long wave (UVA; 320-400 nm). Each spectrum has a characteristic limit of efficiency in penetrating the epidermal and dermal layers of human and murine skin. A brief detail is as follows:
1. UVC (200-280 nm) spectrum. UVC radiation is largely absorbed by the atmospheric ozone layer and normally does not reach the surface of the earth. These wavelengths have enormous energy and are mutagenic in nature. UVC radiation can penetrate the skin to a depth of approximately 60-80 lm, and can damage DNA molecules. Phenolic acids Phenolic acids are simple molecules such as caffeic acid, and coumaric acid. Phenolic acids form a diverse group that includes the widely distributed hydroxybenzoic and hydroxycinnamic acids. Hydroxycinnamic acid compounds (p-coumaric, caffeic acid, ferulic acid) occur most frequently as simple esters with hydroxy carboxylic acids or glucose, while the hydroxybenzoic acid compounds (p-hydroxybenzoic, gallic acid, ellagic acid) are present mainly in the form of glucosides. Ellagic acid is found in pomegranates. Coffee is particularly rich in bound phenolic acids, such as caffeic acid, ferulic acid and p-coumaric acid. Phenolic acids found in blueberries include gallic acid, p-hydroxybenzoic acid, caffeic acid, p-coumaric acid and vanillic acid Proanthocyanidins These are found in grapes, red wine and pine bark. Pycnogenol is a pine bark extract. Grape seed extract provides a concentrated source of polyphenols, many of which are proanthocyanidins. Red wine is rich in the complex polyphenols, the proanthocyanidins. Proanthocyanidins share common properties with other polyphenols, in particular their reducing capacity and ability to chelate metal ions Procyanidins Oligomeric catechins are found at high concentrations in red wine, grapes and grape seeds, cocoa, cranberry, apples, and some supplements such as pycnogenol. Apples contain many kinds of polyphenols, and the main components are oligomeric procyanidins Stilbenes Resveratrol is found in the skin of dark colored grapes Tannins Tannins are found in red wine, tea and nuts. They are large molecules. Many flavonoids in foods also occur as large molecules (tannins). These include condensed tannins (proanthocyanidins), derived tannins and hydrolysable tannins 2. UVB (280-320 nm) spectrum. UVB radiation constitutes approximately 5% of the total solar UV radiation and is mainly responsible for a variety of skin diseases including, non-melanoma and melanoma skin cancers. UVB radiation can penetrate the skin to a depth of approximately 160-180 lm. It can cross the whole epidermis layer and penetrate the dermis compartment of human skin. UVB radiation can induce both direct and indirect adverse biologic effects including the induction of oxidative stress, DNA damage, premature aging of the skin [13, 28, 71] , and multiple effects on the immune system [51, and reviewed in 64, 74] , which together play important roles in the generation and maintenance of UV-induced neoplasms [25, 43, 85] . UVB can act as a tumor initiator [50] , tumor promoter [40] and co-carcinogen [17, 104] . Although skin possesses an elaborate defense system consisting of enzymatic and non-enzymatic components to protect the skin from these adverse biological effects, excessive exposure to UV radiation overwhelms and depletes the cutaneous defense system leading to the development of various skin disorders including skin cancer [34, 40, 43, 66] . 3. UVA (320-400 nm) spectrum. UVA comprises the largest spectrum of solar UV radiation (90-95%) and is considered as the ''aging ray''. UVA penetrates deeper into the epidermis and dermis of the skin. UVA can penetrate the skin to a depth of approximately 1,000 lm. It has been shown that the extensive UVA exposure can lead to benign tumor formation as well as malignant cancers [5, and reviewed in 92] . The exposure to UVA induces the generation of singlet oxygen and hydroxyl-free radicals, which can cause damage to cellular macromolecules, such as proteins, lipids and DNA [16] . In contrast to UVC or UVB, UVA is barely able to excite the DNA molecule directly and produces only a small number of pyrimidine dimers in the skin; therefore, it is assumed that much of the mutagenic and carcinogenic action of UVA radiation is mediated through reactive oxygen species [14, 76] . However, this is still a matter of debate. It has been suggested that bipyrimidine photoproducts rather than oxidative lesions are the main type of DNA damage involved in the genotoxic effect of solar UVA radiation [18] . UVA is a significant source of oxidative stress in human skin, which causes photoaging in the form of skin sagging rather than wrinkling [53] and can suppress some immune functions [87] .
There is ample clinical and experimental evidence to suggest that immune factors contribute to the pathogenesis of solar UV-induced skin cancer in mice and probably in humans as well [88, 101] . Chronically immunosuppressed patients living in regions of intense sun exposure experience an exceptionally high rate of skin cancer [48] . This observation is consistent with the hypothesis that immune surveillance is an important mechanism designed to prevent the generation and maintenance of neoplastic cells. Further, the incidence of skin cancers, especially squamous cell carcinoma, is also increased among organ transplant recipients [12, 20, 72] . The increased frequencies of squamous cell carcinoma, especially in transplant patients, are presumably attributable to a long-term immunosuppressive therapy [15] , however, non-immune mechanisms may also play a role [24] . These studies provide evidence in support of the concept that UV-induced immune suppression promotes skin cancer risk.
Polyphenols and skin photoprotection
There has been considerable interest in the use of naturally occurring plant products, including polyphenols, for the prevention of UV-induced skin photodamage primarily including the risk of skin cancer. Polyphenols, specifically dietary, possessing anti-inflammatory, immunomodulatory and antioxidant properties are among the most promising group of compounds that can be exploited as ideal chemopreventive agents for a variety of skin disorders in general and skin cancer in particular. Recent advances in our understanding at the cellular and molecular levels of carcinogenesis have led to the development of promising strategies for the prevention of cancer or so-called ''chemoprevention'' strategy. Chemoprevention is a means of cancer control that is based on the use of specific natural or synthetic chemical substances that can suppress, retard or reverse the process of carcinogenesis. In this respect, chemoprevention offers a realistic strategy for controlling the risk of cancers. Furthermore, a chemopreventive approach appears to have practical implications in reducing skin cancer risk because, unlike the carcinogenic environmental factors that are difficult to control, individuals can modify their dietary habits and lifestyle in combination with a careful use of skin care products to prevent the photodamaging effects in the skin. Studies from our laboratory have shown the efficacy of naturally occurring polyphenols, such as green tea polyphenols (GTPs), silymarin from milk thistle and proanthocyanidins from grape seeds (GSPs), against UV radiation-induced inflammation, oxidative stress, DNA damage and suppression of immune responses. Here, we will briefly summarize and discuss the photoprotective potential of some polyphenols, such as polyphenols from green tea and grape seeds as these polyphenols have been the object of extensive in vitro and in vivo studies. The photoprotective role of other plant polyphenols such as silymarin, genistein and resveratrol also will be discussed. A summary of molecular targets or mechanism of action of these selected polyphenols is given and their sources and molecular structures are described in Table 2 and Fig. 1 .
Inhibition of photocarcinogenesis
Non-melanoma skin cancers, including basal cell and squamous cell carcinomas, represent the most common malignant neoplasms in humans [65, 84, 88] . Epidemiological, clinical and biological studies have indicated that solar UV radiation is the major etiological agent in the development of skin cancers [7, 65, 81, 84] . Various animal models have been employed to examine the antiphotocarcinogenic effects of phytochemicals, such as polyphenols. Following the standard photocarcinogenesis protocols, it has been found that oral administration of GTPs (a mixture of GTPs or catechins) in drinking water of mice resulted in significant protection against skin tumorigenesis in terms of tumor incidence, tumor multiplicity and tumor size per group compared with non-GTPs-treated animals [reviewed in 36, 38, 44, 45, 99] . A water extract of green tea leaves, which primarily contained a mixture of polyphenolic ingredients, when provided as the sole source of drinking water to mice afforded protection against UVB radiation-induced tumorigenesis [94] , and also promoted partial regression of established skin papillomas in mice [95] . Topical treatment of SKH-1 hairless mouse skin with GTPs or (-)-epigallocatechin-3-gallate (EGCG) in a hydrophilic ointment significantly inhibited UVB-induced skin tumor development [67] . Dietary GSPs (0.2 and 0.5%, w/w) supplementation of a control AIN76A diet inhibited photocarcinogenesis in SKH-1 hairless mice in terms of tumor incidence (% mice with tumors), tumor multiplicity and tumor size [66] . Dietary GSPs also resulted in the prevention of malignant progression of UVB-induced papillomas to carcinomas when compared with the malignant progression observed in non-GSPs-treated UVBexposed control mice [66] . Resveratrol is found in the skin of colored grapes, peanuts, red wine and mulberries. Topical application of resveratrol inhibits UVB-induced skin tumor initiation, promotion and progression [4, 29] . Silymarin, a flavonoid obtained from milk thistle, also has been shown to have anti-photocarcinogenic activity in laboratory animals. We [40] have shown that the topical application of silymarin to SKH-1 hairless mice inhibited UVB-induced skin tumor development in terms of tumor incidence, tumor multiplicity and growth of the tumors. Silibinin, which is a major component of silymarin, has been shown to inhibit photocarcinogenesis in mice when applied topically or in the diet [21, 22] . As multiple in vivo animal studies suggest that plant polyphenols possess antiphotocarcinogenic activity, we will briefly summarize and discuss the molecular targets or mechanisms of action of these selected polyphenols against photocarcinogenesis.
Mechanism of action and molecular targets of polyphenols

Sunscreen effects
Most of the natural polyphenols are pigments, typically yellow, red or purple, and can absorb UV radiation. Therefore, Inflammation, COX-2, PGs, PCNA [40] NF-jB, IKKa, AP-1, MAPK proteins [21] Cell cycle proteins [21] when applied topically, they can prevent penetration of the radiation into the skin. The radiation that polyphenols can absorb includes the entire UVB spectrum of wavelengths and part of the UVC and UVA spectra. Thus, polyphenols may act as a sunscreen. This ability of natural polyphenols to act as sunscreens can reduce inflammation, oxidative stress and DNA damaging effects of UV radiation in the skin and, thus, on topical application the photoprotective effects of polyphenols are due in part to this sunscreen effect.
Anti-inflammatory effects
Ultraviolet radiation-induced erythema, edema and hyperplastic epithelial responses are considered as inflammatory markers, and play crucial roles in skin tumor promotion [reviewed in 71] . UVB-induced cyclooxygenase-2 (COX-2) expression and a subsequent increase in the production of prostaglandin (PG) metabolites in the skin is a characteristic response of keratinocytes to acute or chronic exposure to UVB radiation. COX-2 is a rate-limiting enzyme for the generation of PG metabolites from arachidonic acid [54] , and COX-2 expression has been linked to the pathophysiology of inflammation and cancer [10] . A number of studies have demonstrated overexpression of COX-2 in chronically UVB-irradiated skin, as well as in UVB-induced premalignant lesions and squamous-and basal-cell carcinomas of the skin [8, 89] . Mechanistic studies of photocarcinogenesis have revealed that the oral administration of GTPs (through addition to the drinking water) to SKH-1 hairless mice resulted in significant inhibition of UV radiation-induced cutaneous edema, erythema and bi-fold skin thickness (a biomarker of inflammation). The treatment with GTPs also inhibits UVB-induced expression of COX-2 and its PG metabolites, which have been implicated in skin carcinogenesis and play a role in promoting tumors in the skin [59] . Topical treatment with GTPs prior to UV exposure reduced the UV-induced hyperplastic response, myeloperoxidase activity and the numbers of infiltrating inflammatory leukocytes in the skin [37, 39, 43] . The relevance of the extensive in vitro and in vivo data that have been generated using animal models to the photoprotective effects of GTPs in human skin is not yet clearly understood. However, we have found that the topical application of GTPs prior to UV irradiation of the un-tanned backs of humans resulted in significantly less development of erythema when compared with the UV-irradiated skin that was not treated with GTPs [19, 41] . We also found that the topical treatment of human skin with GTPs or EGCG (\1 mg/cm 2 skin area) prior to UVB exposure significantly reduced UVB-induced infiltration of inflammatory leukocytes and myeloperoxidase activity [41] , which is used as a marker of tissue infiltration. Topical application of EGCG also resulted in inhibition of UVB-induced production of PG metabolites, including PGE 2 , PGF 2a and PGD 2 , which play a critical role in inflammatory disorders and in proliferative skin diseases [41] . Exposure of the skin to UV radiation is known to enhance the levels of proinflammatory cytokines. As the elevated levels of proinflammatory cytokines, such as tumor necrosis factor-a, interleukin (IL)-1b and IL-6, contribute to the tumor promotion process, this effect would be expected to result in an earlier occurrence of tumors and more rapid progression [reviewed in 71] . The administration of GTPs in the drinking water of mice significantly reduced the levels of these proinflammatory cytokines in UVB-irradiated skin [59] . The GTPs also reduced the levels of biomarkers of cellular proliferation in the UV-irradiated skin, including proliferating cell nuclear antigen (PCNA) and cyclin D1. The inhibitory effects of GTPs on these biomarkers of inflammation in UV-exposed skin provide further mechanistic evidence of the anti-carcinogenic effects of GTPs. Jeon et al. have examined the effects of dietary EGCG (1,500 ppm in control diet) on UVB-induced inflammation in hairless mice [30] . They observed that the regular intake of EGCG strengthens the skin's tolerance and appears to do so by increasing the minimal dose of radiation required to induce erythema thereby inhibiting the UV-induced perturbation of epidermal barrier function and skin damage. Zhao et al. [102] demonstrated that the oral administration of green tea extract prior to and during multiple treatments with psoralen plus UVA reduced hyperplasia, hyperkeratosis, erythema and edema formation in murine skin. The treatment of EpiDerm, a reconstituted human skin equivalent, with a green tea extract also has been shown to inhibit the 8-methoxypsoralen-DNA adduct formation and p53 protein accumulation associated with exposure to psoralen plus UVA irradiation [102] . Mnich et al. [68] found that topical treatment of human skin with green tea extract reduced UV-induced p53 expression and the number of apoptotic keratinocytes, suggesting that green tea extract may be a suitable everyday photochemopreventive agent. These in vivo observations that have been generated using both animal and human systems provide insights into the possible protective mechanisms involved in the anti-inflammatory effects of GTPs.
The in vivo effects of other polyphenols such as resveratrol, GSPs and silymarin also have been examined using animal models [reviewed in 6]. As was found for the GTPs and EGCG, topical treatment or dietary intake of the GSPs and/or silymarin inhibited UVB radiation-induced edema, erythema, infiltration of inflammatory leukocytes and myeloperoxidase activity in the mouse skin [21, 22, 40, 66] . Silymarin has been shown to inhibit UVB-induced COX-2 expression and subsequently the production of PG metabolites, which are considered to be tumor promoters in the skin. Silymarin also has been shown to inhibit the expression of ornithine decarboxylase, an enzyme required for polyamine biosynthesis, which has a role in tumor promotion in UVBexposed skin [40] . Topical application of resveratrol prior to UVB irradiation resulted in significant inhibition of UVBinduced increases in bi-fold skin thickness (a marker of edema development), hyperplastic response, leukocyte infiltration and COX-2 and ornithine decarboxylase activity in SKH-1 hairless mouse skin [2, 3] . Collectively, the results concerning the inhibitory effects of these polyphenols on UVB-induced inflammatory responses revealed that antiphotocarcinogenic effects of polyphenols are mediated in part through their anti-inflammatory effects.
Antioxidant effects
The skin possesses an elaborate antioxidant defense system to deal with UV-induced oxidative stress; however, excessive and chronic exposure to UV radiation can overwhelm the cutaneous antioxidant capacity, leading to oxidative stress and oxidative damage which may result in skin disorders, immunosuppression, premature aging of the skin and development of melanoma and non-melanoma skin cancers. GTPs have been shown to inhibit photoenhanced lipid peroxidation [35] . Topical treatment of the mouse and human skin with EGCG prior to UV exposure significantly reduced UVB-induced nitric oxide and hydrogen peroxide production, as well as leukocyte infiltration [19, 41, 43] . It is well established that the infiltrating leukocytes are the major source of nitric oxide and hydrogen peroxide production, which create the state of oxidative stress. EGCG has been shown to have the ability to block UVB-induced leukocyte infiltration in mouse as well as in human skin, and thus may be able to inhibit UVB-induced production of reactive oxygen species by these infiltrating leukocytes [34, 37, 41, 43] . Although reactive oxygen species help the host to destroy invading microorganisms [49] , excessive and uncontrolled production can also damage host tissues and predispose it to various disease states [23, 49] . Thus, the application of EGCG may prove beneficial in ameliorating the harmful effects caused by UVB radiation through its ability to reduce the generation of reactive oxygen species. The treatment with EGCG also has been shown to result in a reduction in the numbers of hydrogen peroxide producing and inducible nitric oxide synthase (iNOS) expressing cells, as well as a reduction in the production of hydrogen peroxide and nitric oxide both in the epidermis and dermis of UVB-irradiated skin sites [43] . Similar effects also have been observed in human skin when EGCG was applied topically before exposure to UVB (49 minimal erythema dose) [34] . This EGCG treatment also inhibited UVinduced epidermal lipid peroxidation and protected the antioxidant defense enzymes in the UVB-exposed human skin [34] . Based on the evidence of the photoprotective effects of GTPs/EGCG in animal and human systems, it appears that both GTPs and EGCG can induce preventive effects by acting at different active sites within the cascade of events that generates reactive oxygen species. Kim et al. [47] observed that EGCG treatment of the skin of guinea pigs inhibits UVB-induced lipid peroxidation and the erythema response. They also found that EGCG treatment of human fibroblasts in culture blocked the UV-induced increase in collagen secretion and collagenase mRNA levels, and also inhibited the binding activities of the UVinduced nuclear transcription factors nuclear factor-kappaB (NF-jB) and activated protein (AP)-1 [47] . Wei et al. [98] have demonstrated that aqueous extracts of green tea have potent scavenging effects on oxygen species and block UVinduced oxidative DNA damage in the calf thymus, which may, at least in part, explain the mechanisms by which green tea inhibits photocarcinogenesis. Collectively, these data suggest that green tea may have the potential to reduce the risk of UV-induced oxidative stress-mediated skin diseases or disorders in humans, including premature aging of the skin and development of cutaneous malignancies.
Oxidation of some amino acid residues, such as lysine, arginine and proline, leads to the formation of carbonyl derivatives that affect the nature and function of the proteins [83] . The presence of carbonyl groups in proteins has become a widely accepted measure of oxidative damage of proteins under conditions of oxidative stress. Multiple exposures of the skin to UV radiation results in a several fold increase in the levels of protein carbonyls in comparison to non-UV-exposed skin. In separate experiments, it has been shown that the topical treatment with EGCG, GTPs or GSPs significantly inhibits acute or chronic UV irradiation-induced protein oxidation in the skin of mice [82, 91] . The inhibition of UVB-induced protein oxidation by GTPs or proanthocyanidins could result in a reduction in skin photo damage and, more specifically, may prevent premature aging of the skin.
The treatment of normal human epidermal keratinocytes with EGCG in vitro was found to inhibit UVB-induced intracellular release of hydrogen peroxide concomitantly with the inhibition of UVB-induced oxidative stress-mediated phosphorylation of epidermal growth factor receptor and mitogen-activated protein kinases (MAPK) signaling pathways [33] . Similar effects also were observed when HaCaT cells were treated with (-)-epicatechin-3-gallate (ECG) and exposed to UVB radiation. These in vitro studies suggest that ECG can act as a free-radical scavenger when keratinocytes are photo damaged [26, 27] . The treatment of HaCaT cells with ECG also demonstrated its free-radical scavenging effects, when cells were irradiated with UVA radiation. These observations indicate that EGCG could play an important role in the attenuation of oxidative stress-mediated cellular signaling responses, which are essential factors in various skin diseases in humans. Topical cream-based formulations of EGCG or GTPs for human use have been developed, and their photoprotective effects evaluated in vivo using an animal model. An exceptionally high-photoprotective effect of EGCG or GTPs was observed against UV radiationinduced oxidative stress in the mouse skin when evaluated in terms of lipid peroxidation, hydrogen peroxide production and analysis of antioxidant defense enzymes [67, 90] . Topical treatment of EGCG or oral administration of GTPs in the drinking water of mice also has been shown to inhibit UVB radiation-induced depletion of antioxidant defense enzymes, such as catalase, glutathione peroxidase, superoxide dismutase and the levels of glutathione [90] . A study has been conducted in an attempt to determine whether the sunscreen-containing green tea extracts protect human subjects from UV irradiation-induced photoaging and photoimmunosuppression [55] . The investigators reported that a sunscreen containing different concentrations of green tea extracts conferred significant protection against biological events associated with photoaging matrix metalloproteinase (MMP-2, MMP-9) and photoimmunology (CD1a? Langerhans cells). Similar to green tea, chemopreventive effects also were noted when mice were given a GSPs-supplemented AIN76A diet. The provision of dietary GSPs (0.2 and 0.5%, w/w) to mice exposed to either acute or chronic UVB irradiation was found to inhibit depletion of glutathione peroxidase, catalase and glutathione, and to inhibit UVB-induced hydrogen peroxide, lipid peroxidation, protein oxidation and nitric oxide, in mouse skin [82] . As UVB-induced oxidative stress mediates activation of MAPK and NF-jB signaling pathways, the effects of GSPs in vivo in the same animal model on these pathways also were examined. It was observed that the treatment with GSPs inhibited UVB-induced phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/ 2), c-Jun-N-terminal-kinase and p38 proteins of the MAPK family, which seemed to be mediated through reactivation of MAPK phosphatases [82] . It has been shown that the GSPs can inhibit the UVB-induced activation of NF-jB through inhibition of degradation of IjBa and activation of IjB kinase a. Using an identical mouse model, it has been further demonstrated that the dietary administration of GSPs resulted in the inhibition of the expression of PCNA, cyclin D1, iNOS and COX-2 in the skin, which are NF-jBtargeted proteins. Similar studies were conducted in vitro using normal human epidermal keratinocytes with and without treatment with GSPs and UVB irradiation. The results were identical to those obtained in the mouse model, which suggests that the results generated in this animal model of the photoprotective effects of GSPs can be extrapolated to the human system [57] and study also has been conducted to determine the effects of oligomeric proanthocyanidins on UV-induced melanogenesis of human melanocytes in vitro. The results of this study suggested that oligomeric proanthocyanidins have potential photoprotective effects on human melanocytes including scavenging of intracellular reactive oxygen species and adjustment of cell-cycle check points [103] . In an in vitro cell culture model, treatment of human epidermoid carcinoma A431 cells with GSPs resulted in inhibition of cell proliferation and induction of apoptotic cell death. This effect of GSPs was associated with the inhibition of constitutive expression of NF-jB/p65 and its targeted genes, such as COX-2, iNOS, PCNA, cyclin D1 and MMP-9 [60] . These observations provide a molecular basis for the photoprotective effects of GSPs and GTPs in an in vivo model. Studies conducted by the authors have shown that the topical treatment of SKH-1 hairless mouse skin with silymarin resulted in inhibition of UVB-induced intracellular production of H 2 O 2 in both the epidermis and dermis when analyzed by immunohistochemistry and biochemical analytical procedures and compared with the results obtained using non-silymarin-treated control mice [31] . In these experiments, it was found that the significant inhibition of the UVB-induced oxidative stress was associated with significant inhibition of UV-induced infiltration of activated macrophages and neutrophils. The treatment with silymarin also inhibits UVB-induced expression of iNOS and subsequently nitric oxide production [31] , and reviewed in 32]. Resveratrol is also a potential polyphenolic antioxidant. Pretreatment of human epidermal keratinocytes with resveratrol inhibited UVB-mediated activation of the NF-jB pathway [1, 2] . In SKH-1 hairless mice, topical application of resveratrol inhibited UVBinduced inflammatory responses and hydrogen peroxide production, which is a stable source of oxidative stress, in the skin [3] . Inhibition of these critical events by resveratrol may have contributed to the prevention of UV radiation-induced skin cancer in these mice. Park and Lee [73] have demonstrated that the treatment of HaCaT cells with resveratrol before UVB irradiation resulted in an increase in cell survival of UVB-irradiated cells which was associated with the reduction in reactive oxygen species production. In addition, the activation of caspase-3 and -8 was partially reduced in the resveratrol-pretreated HaCaT cells, implying that the attenuation of caspase-3 and -8 activation is involved in cell survival after UVB irradiation. Soybeans are a rich source of the isoflavones, genistein and daidzein, and are photoprotective [reviewed in 97]. Studies using SENCAR mice have shown that topical genistein treatment reduced UV radiation-induced activation of c-fos and c-jun in a dose-dependent manner [93] . Genistein also has been shown to reduce UV radiation-induced oxidative and photodynamic DNA damage [69] . Treatment of the human keratinocyte cell line NCTC 2544 with genistein prevented UV-induced enhancement of the DNA-binding activity of the signal transducer and activator of transcription-1 by acting as a tyrosine kinase inhibitor, thus, limiting lipid peroxidation and increases in reactive oxygen species generation [58] .
To further illustrate the role of polyphenols in dermatologic conditions, as well as in skin photoprotection, we are providing an in-depth review of the studies on the effects of polyphenols from green tea.
Green tea polyphenols rapidly remove or repair UVB-induced DNA damage Ultraviolet-induced DNA damage in skin cells is an important initiator of signaling pathways. The DNA photoproducts generated by UV-induced DNA damage are altered DNA structures that activate a cascade of responses, beginning with the initiation of cell-cycle arrest and activation of DNA repair mechanisms. The biologically harmful effects associated with UV radiation exposure are largely the result of errors in DNA repair, which can lead to oncogenic mutations [reviewed in 86]. UV-induced DNA damage in the form of cyclobutane pyrimidine dimers (CPD) is considered as a molecular trigger for the induction of immunosuppression and initiation of photocarcinogenesis [52, 100] . Several studies have documented that the exposure of the skin to UV radiation results in immediate formation of CPDs in skin cells [42] . Most of the UVB-induced CPDs were found in the epidermis, but some were detected in the dermis. The location of the damage depends on the ability of the UV radiation to penetrate the skin [42] . It has been found that UV exposure of less than one minimal erythema dose is sufficient to cause damage DNA in target cells of human skin [42] .
UVB-induced CPDs are formed immediately after the interaction of photons with the DNA molecule. In an in vitro study using cultured human cells (lung fibroblasts, skin fibroblasts and epidermal keratinocytes), EGCG resulted in a dose-dependent reduction in UV-induced DNA damage in all three cell types [70] . When applied topically to the mouse skin, GTPs (a mixture of GTPs) significantly inhibited UVB-induced DNA damage as assessed using a 32 P-postlabelling technique [11] . Topical treatment of human skin with GTPs prior to UV exposure resulted in a dose-dependent inhibition of formation of CPDs [46] . Camouse et al. [9] found that topical application of green tea or white tea extracts provided human skin protection from solar-simulated UV light. These tea extracts were shown to provide protection against the detrimental effects of UV light on cutaneous immunity. The investigators concluded that these protective effects were not due to direct UV absorption or sunscreen effects, as both products had a sun protection factor of 1.
Extensive studies of the effects of polyphenols, particularly GTPs, on the repair kinetics and repair mechanisms of UV-induced CPDs have been carried out in the laboratory of Dr Katiyar. One of these studies showed that topical treatment of skin with EGCG does not prevent UVBinduced formation of CPDs immediately after UVB irradiation, which indicated that EGCG does not have a significant filtering effect on the UVB radiation. However; in skin samples obtained at 24 or 48 h after UVB exposure, a number of CPD-positive cells were significantly reduced (or repaired) in the EGCG-treated C3H/HeN mouse skin when compared with the control group of mice which were not treated with EGCG [61] . Studies of the DNA repair mechanisms suggested that the rapid repair of UV-induced CPDs by EGCG was mediated through stimulation of a cytokine (IL-12) on application of the EGCG onto the mouse skin [61] . IL-12 has been shown to have the capacity to induce DNA repair [62, 79, 80] and this concept was confirmed by testing the effect of EGCG on UV-induced CPD formation in IL-12 knockout mice. EGCG does not remove or repair UV-induced CPDs in the skin of IL-12 knockout mice, further confirming the role of IL-12 in rapid repair of DNA damage by this polyphenol [61] . Studies of the effects of oral administration of GTPs in the drinking water of mice on UVB-induced DNA damage also were carried out and it was found that UV-induced DNA damage (CPDs) was resolved rapidly in the GTPs-treated mice when compared with GTPsuntreated mice [59] . This DNA repairing effect of GTPs was less pronounced in IL-12 knockout mice, as was observed in the case of EGCG treatment. Schwarz et al. [78] observed that the treatment of normal human keratinocytes and ''human skin equivalent'' with GTPs reduced UVB-induced DNA damage and that this effect was mediated through the induction of IL-12. Collectively, these data suggest that the difference in the GTPs-associated DNA repair capacity between IL-12 knockout mice and their wild-type counterparts may be due to the absence of IL-12 in the IL-12 knockout mice. The mechanisms by which GTPs repaired CPDs were identical to the mechanisms by which EGCG repaired CPDs.
Wei et al. [96] have shown that an aqueous extract of green tea scavenges H 2 O 2 and inhibits UV-induced oxidative DNA damage in an in vitro system. Zhao et al. [102] demonstrated that application of green tea extract to Epiderm, a reconstituted human skin equivalent, also inhibited psoralen-UVA-induced formation of 8-methoxypsoralen-DNA adducts [102] . Treatment of skin with a 5% green tea extract significantly inhibited DNA damage induced by solar simulator radiation when assessed using a 32 P-postlabeling technique [11] . These observations demonstrate the potential chemopreventive effects of GTPs against UVB-induced DNA damage.
Repair of UV-induced DNA damage by green tea polyphenols is mediated through nucleotide excision repair mechanism Further studies have been conducted to verify the GTPassociated DNA repair mechanisms in UVB-irradiated skin. Meeran et al. postulated that a nucleotide excision repair (NER) mechanism is involved in the repair of photo damaged DNA by GTPs, and that IL-12 has a role in this process [61, 63] . To determine whether the NER mechanism is required for the EGCG-induced IL-12-mediated repair of UVB-induced CPDs, NER-deficient fibroblasts from xeroderma pigmentosum complementation group A (XPA) patients and NER-proficient fibroblasts from a healthy person (XPA-proficient) were exposed to UVB with or without prior treatment with EGCG. The CPD-positive cells were detected by immunostaining at different time points after UVB exposure of the cells. It was observed that the numbers of CPD-positive cells were significantly lower at 24 h after UVB exposure in the XPA-proficient cells, but that treatment with EGCG did not significantly remove or repair UVB-induced CPDs in NER-deficient cells. This observation indicated that EGCG-induced DNA repair is mediated through a functional NER mechanism.
Repair of UVB-induced DNA damage by green tea polyphenols leads to a reduction in UVB-induced inflammation in the skin Exposure of the skin to UV radiation induces inflammation, and there is increasing evidence that chronic inflammation promotes the initiation of various skin diseases, including the development of skin cancers [16, and reviewed in 71] .
Both UV-induced inflammatory responses and UV-induced skin tumorigenesis are causally related to UV-induced DNA damage. Therefore, it was of interest to explore the effects of GTPs on DNA repair and their relationship with inflammatory effects. CPDs are formed immediately after the exposure of the skin to UV radiation, and inflammation develops thereafter. Following the UV exposure, it was observed that UV-induced DNA damage in the form of CPDs was repaired or removed more rapidly in the skin of mice that had been treated either with topical application of EGCG or orally administered GTPs. Subsequently, the levels of UVB-induced inflammation was lower in the treated mice than the non-treated mice with the levels of inflammation in the mouse skin from the different treatment groups being assessed through analysis of biomarkers of inflammation, such as COX-2 expression, PGE 2 production and the levels of pro-inflammatory cytokines. Interestingly, this effect of EGCG or GTPs was not observed in IL-12-deficient or knockout mice. This may be due to the fact that the treatment with EGCG or GTPs was not able to repair UV-induced DNA damage significantly in the IL-12 knockout mice, as detailed [59] . This new information supports the concept that UV-induced DNA damage and inflammatory responses are causally related with the increased risk of photocarcinogenesis. This in vivo experimental evidence indicates that the prevention of UVB-induced skin cancer by GTPs or EGCG is mediated through inhibition of UVB-induced inflammation, which in turn is mediated, at least in part, through rapid repair of damaged DNA. The outcome of this study, therefore, suggests that regular consumption of green tea or GTPs may be considered as an effective strategy to prevent inflammationassociated skin diseases including skin cancers.
Bioavailability and metabolism of polyphenols
The bioavailability and metabolism of polyphenols may influence their effectiveness. The considerable structural diversity among the polyphenols can influence the bioavailability of the individual components. Small molecules, such as catechin monomers, can be easily absorbed through the gut barrier, whereas the large molecular weight polyphenols, such as proanthocyanidins and even (-)-epigallocatechin-3-gallate, are poorly absorbed. Once absorbed, polyphenols are conjugated to glucuronide, sulfate and methyl groups in the gut mucosa and inner tissues. Non-conjugated polyphenols are virtually absent in plasma. Such reactions facilitate their excretion and limit their potential toxicity, if any [77] . During digestion in the intestine, the large polyphenolic molecules break into multiple small molecules or metabolites and these may systemically induce beneficial effects in the body. Polymeric proanthocyanidins are not absorbed as such in the gut. Detection of proanthocyanidin dimers B1 and B2 in human plasma indicated that the absorption of these dimers was *100-fold lower than that of the monomeric flavanols. In the case of topical delivery of the polyphenols, the penetration of polyphenols into the skin is limited and successful delivery of plant polyphenols requires creambased, organic solvent-based or lipid soluble topical formulations that can enhance the penetration of the polyphenols.
Conclusion
The polyphenols discussed in this review article show significant anti-inflammatory, antioxidant and anti-DNA damaging effects. These protective effects of polyphenols may contribute to their anti-photocarcinogenic effects and act to abrogate the various biochemical processes induced or mediated by solar UV radiation. Based on the epidemiological evidence and laboratory studies conducted using in vitro and in vivo systems, it is suggested that routine consumption or topical treatment of these polyphenols may provide efficient protection against the harmful effects of solar UV radiation in humans. For appropriate conversion of drug or chemopreventive agent doses from animal studies to human studies, the body surface area normalization method has been prescribed [reviewed in 75] . Based on this reference, the human equivalent dose (HED) of any chemopreventive agent can be calculated using the following formula:
HED ðmg=kgÞ ¼ Animal dose ðmg=kgÞ Â Animal K m factor Human K m factor (K m factor for mouse = 3; K m factor for adult human = 37). Further, the use of polyphenols in combination with sunscreens or skin care lotions may provide an effective strategy for mitigating the effects of UV radiation that will lead to the protection of the skin from various skin diseases caused by excessive sun exposures.
